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I.  Summary  of  Research 


During  the  period  of  this  contract,  April  26,  1966  to  June  .30,  1975, 
research  was  carried  out  in  the  following  areas  of  atomic  collisions  and  upper 
atmosphere  studies: 

A.  Laboratory  Studies 

1.  Radiative  Properties  of  Simple  Molecules  for  Optical  Discrimination 
Studies 

2.  Clean  Air  Chemistry  and  Chemiluminescence 

3.  Sodium  Ion  and  Other  Reactions 

4.  Processes  Involving  Metastable  Species 

5.  Ion  Molecule  Reactions  and  Excitation  processes  in  a Fast  Flow  System 

6.  Ion  Molecule  Reactions  at  Elevated  Temperatures 

7.  Electron  Attachment  to  Metal  Oxides 

8.  Attachment  of  Electrons  to  Hot  Oxygen 

9.  Crossed  Beam  Studies  of  Radiating  State  Excitation  by  Vibrational 
Energy  Transfer 

10.  Reactions  of  Metal  Atoms  with  Ions  in  Magnetically  Confined  N0+  Plasmas 

11.  Afterglow  Studies  of  the  Excitation  of  Radiating  States  by  Vibrational 

Energy  Transfer:  Optical  Pumping  Experiments 

12.  Coincidence  Scattering  Experiments 

13*  Internal  Energies  of  Hiotodissociation  Products 

14.  Time  of  Flight  Experiments 

15.  Laser  Ion -Molecule  Reaction  Rates 

16.  Particulate  Technology 

17.  Kinetic  Biergy  of  Excited  Metal  Atoms  in  Chemical  Reactions 

18.  Neutral-Neutral  Reactions  in  Crossed  Beams 

19-  Energy  Partitioning  in  Metal  Atom  Chemi-Excitation 
20.  Processes  Involving  Metastable  Species 


1 


2 


i 

: 


21.  Dissociative  Excitation  of  CG(A^H)  by  Electron  Impact  on  COg 

22.  Infrared  Bnission  From  Recombination  and  Energy  Transfer  Process  of 
Air  Species 

B.  Theoretical  Studies 

1.  Semi-Bnpirical  Methods  for  Estimating  Reaction  Rates 

2.  Ionization  and  Excited  State  Populations  in  Barium  Plasmas 

3.  Resonance  Line  Profiles  in  Alkali  Vapors 

4.  Quantum  Theory  of  Dissociative  Recombination  Rates 

5.  Pseudopotential  Studies  of  Atoms  and  Molecules 

6.  Low  Energy  Atom-Atom  Collision  Cross  Sections 

7.  Formal  Collision  Theory 

8.  Auger  and  X-ray  Spectra 

9.  Energy  Distribution  in  Ion  Drift  Tubes 

C.  Ground  Based  Observations,  Rocket  and  Satellite  Measurements 

1.  Airglow  Interferometry 

2.  Optical  Interferometric  Studies  of  Barium  Releases 
3*  Auroral  Interferometry 

4.  Optical  Photometer  Studies  of  Ni -htglow  Ionospheric  Modifications 

5.  Measurements  of  the  Ionized  and  Neutral  Constituents  of  the  Atmosphere 

D.  Model  Calculations  of  Atmospheric  Composition  and  Response 

1.  Composition  of  the  Mesosphere  and  Lower  Thermosphere 

2.  Distribution  of  Gases  in  the  Mesosphere 

E.  Informal  Workshop  on  Atmospheric  Metastables  and  Infrared  Baitters 

II.  Research  Publications  Produced  Under  the  Contract 

The  following  is  a list  of  the  scientific  publications  which  set  forth 
the  results  of  research  of  interest  to  ARPA  carried  out  during  this  period 
and  in  many  cases  supported  under  this  contract. 
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Publications 


"Negative  Ions  of  N20  and  C02",  J.  N.  Bardsley,  J.  Chem.  Phys.  %1,  3348,  1969* 

"Temperature  Dependence  of  Dissociative  Recombination",  J.  N 3ardsley,  Phys. 

Rev.  A2,  1359,  1970. 

"Pseudopotential  Calculations  of  Alkali  Interactions",  J.  N.  Bardsley,  Chem. 

Fhys.  Lett.  7,  517,  1970. 

"Potential  Curves  of  He2+  and  Li2+",  J*  N.  Bardsley,  Ihys.  Rev.  A^.,  1317,  1971* 

"Dielectronic  Recombination  of  Highly  Charged  Ions",  R.  A.  Bain  and  J.  N.  Bardsley, 
Phys.  Lett.  37A,  75,  1971* 

"Shape  Resonances  in  Atom-Atom  Collisions,  I.  Radiative  Association",  R.  A.  Bain 
and  J.  N.  Bardsley,  J.  Phys.  B 5.;  277,  1972. 

"Calculation  of  the  Width  of  Narrow  Shape  Resonances",  R.  A.  Bain  and  J.  N. 
Bardsley,  J.  Chem.  Phys.  4535,  1971. 

"Minimum  Variance  Method  for  Potential  Scattering' , J.  N.  Bardsley,  E.  Gerjuoy 
and  C.  V.  Sukumar,  Phys.  Rev.  a6,  1813,  1972. 

"Inner  Shell  Ionization  in  I on -Atom  Collisions",  J.  E.  Bardsley,  Comments  on 
Atomic  and  Molecular  Physics  2.,  6,  p.  173--30,  1972. 

"Dissociative  Recombination  of  CH*  Ions",  J.  If.  Bardsley  and  B.  R.  Junker, 
Astrophys.  J.  183,  L139,  1973- 

"Dissociative  Recombination  of  C0p+  Ions  with  Electrons",  C.  S.  Weller  and 
M.  A.  Biondi , Phys.  Rev.  Lett.  1^,  59>  1987- 

"Electron  Loss  Processes  in  Ionized  Gase^1,  M.  A.  Biondi,  Proc.  Vllth  Int'l. 

Conf.  on  Phenomena  in  Ionized  Gases,  Vol.  I (Knjiga  Publishing, 

Belgrade)  1967. 

"Electron  Temperature  Dependence  of  Electron -Ion  Recombination  in  Neon", 

L.  Froamhold,  M.  A.  Biondi,  and  F.  J.  Mehr,  Phys . Rev.  165.  44,  1968. 

"A  Mathematical  Study  of  the  Electron  Decay  in  Diffusion  and  Recombination 
Controlled  Afterglows",  L.  Frommhold  ana  M.  A.  Biondi,  Ann.  of  Jhys. 

(N.Y.)  48,  407,  1968. 

"Recombination,  Attachment  and  Ambipolar  Diffusion  of  Electrons  in  Photo- 

Ionized  NO  Afterglows",  C.  S.  Weller  and  M.  A.  Biondi,  Phys.  Rev.  72, 

198,  1968. 

"Electron-Temperature  Dependence  of  Electron-Ion  Recombination  in  Argon", 

J.  Mehr  and  M.  A.  Biondi,  Phys.  Rev.  176,  322,  1968. 
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” Atmospheric  Electron-Ion  and  Ion-Ion  Recombination  Processes",  M.  A.  Biondi,  Can 
j.  Chew.  47,  1711,  1969. 

"Preliminary  Optical  Interferometer  Results  on  Barium  Releases  in  Alaska",  M.  A. 
Biondi,  R.  Hake,  and  D.  Sipler,  Stanford  Research  Institute  Report, 
RADC-TR-69-239,  Vol.  I,  May  1965- 

"Electron  Temperature  Dependence  of  Recombination  of  Ke2+  Ions  with  Electrons  , 

J.  Philbrick,  F.  J.  Mehr  and  M.  A.  Biondi,  Phys.  Rev.  l8l,  273,  1969* 


"Electron  Temperature  Dependence  of  Recombination  of  02  and  Np+  Ions 

Electrons",  F.  J.  Mehr  and  M.  A.  Biondi,  Phys.  Rev.  l8l,  264,  1969. 


"Ion-Molecule  Reactions  Involving  N^,  i,+  > °?+  0+ 

R.  Johnsen,  H.  L.  Brown  and  Manfred  A.  Biondi, 


Ions  from  300° K to  ~ 1 eV", 
J.  Chem.  Phys.  £2,  5000, 


1970. 


"Coincident  F Region  Temperature  Determinations  from  Incoherent  Backscatter  and 

Doppler  Broadening  of  (01)  63OOA",  L.  L.  Cogger,  G.  J.  Nelson,  M.  A.  Biondi, 
R.  D.  Hake,  Jr.  and  D.  P.  Sipler,  J.  Geophys.  Res.  £>,  4807,  1970. 

"Optical  (X65OO)  Detection  of  Radio  Frequency  Heating  of  Electrons  in  the  F Region", 
M.  A.  Biondi,  D.  P.  Sipler,  and  R.  D.  Hake,  Jr.,  J.  Geophys.  Res.  7£, 

6421,  1970. 

"Recombination  Processes  (Charged  Particles)",  Revised  1969,  M.  A.  Biondi, 

DASA  Reaction  Rate  Handbook. 

"Reaction  Rates  of  Uranium  Ions  and  Atoms  with  02  and  No",  R.  Johnsen  and 
Manfred  A.  Biondi,  J.  Chem.  Phys.  £7,  1975,  1972. 

"Measurements  of  Recombination  of  Electrons  with  HqO+.^COn  Seri®8  *°88  > 

M T*  Leu,  M.  A.  Biondi,  and  R.  Johnsen,  Phys.  Rev.  7,  292,  1973- 

"Twilight  and  Nightime  Ionospheric  Temperatures  from  Oxygen  X63OO  and  X5700 

Spectral  Line  Profiles",  W.  A.  Feibelman,  3.  D.  Hake,  Jr.,  D.  P.  Sipler 
and  M.  A.  Biondi,  J.  Geophys.  Res.  21,  *6^9,  1972. 

"Mobilities  of  Uranium  and  Mercury  Ions  in  Helium",  R.  Johnsen  and  M.  A.  Biondi, 

J.  Chem.  Phys.  57,  5292,  1972. 

"The  Effects  of  Ion  Complexity  on  Electron-Ion  Recombination",  M.  A.  Biondi, 
Comments  on  Modern  Phys.  D4,  85,  197o* 

"Distribution  of  Sodium  in  the  Daytime  Upper  Atmosphere  as  Measured  by  a Rocket 
Experiment",  T.  M.  Donahue  and  R.  R.  Meier,  J.  Geophys.  Res.  ]2,  2003, 

(1967). 

Comments  on  "Observation  of  the  Airglow  Ha  iinission",  by  E.  B.  Armstrong", 

T.  M.  Donahue,  Planet.  Space  Sci.  1§_,  1223,  1967. 

"Discussion  of  An  Experiment  to  Measure  the  Polarization  of  Dayglow  Lyman  a , 

T.  M.  Donahue,  Planet.  Space  Sci.  1£,  1535,  19w. 

and  Reactions",  T.  M.  Donahue,  Science  1^2,  489,  1968. 


"Ionospheric  Composition 
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"The  Sodium  Airglow",  T.  M.  Donahue,  in  Int'l.  Dictionary  of  Geophysics, 

Ed.  S.  K.  Runcorn,  Pergamon  Press,  pp.  1417- 1426,  1967. 

"The  Hydrogen  Lyman  a Airglow",  T.  M.  Donahue,  in  Int’l.  Dictionary  of  Geophysics, 
Ed.  S.  K.  Runcorn,  Pergamon  Press,  pp.  733-740,  1967. 

"Excitation  of  the  Auroral  Green  Line  by  Dissociative  Recombination  of  02+: 

Analysis  of  Two  Rocket  Experiments",  T.  M.  Donahue,  T.  Parkinson,  E.  C. 
Zipf,  J.  P*  Doering,  W.  G.  Fastie,  and  R.  E.  Miller,  Planetary  and 
Space  Science  16,  737,  1968. 

"Deuterium  in  the  Upper  Atmospheres  of  Venus  and  Earth  , T.  M.  Donahue,  J. 

Geophys.  Res.  74,  1128,  1968. 

"A  Hydrogen  Bulge  Over  the  Springtime  Pole",  T.  M.  Donahue,  J.  Geophys. 

Res.  74,  3417,  1969. 

"Ion  Composition  and  Ion  Chemistry  in  an  Aurora",  T.  M.  Donahue,  E.  C.  Zipf 
and  T.  D.  Parkinson,  Planet.  Space  Sci.  l8,  171,  1970. 

"Excitation  and  Radiative  Transport  of  01  1304a  Resonance  Radiation  I.  The 
Dayglow",  T.  M.  Donahue  and  D.  J.  Strickland,  Planet.  Space  Sci.  lo, 

661,  1970. 

"Excitation  and  Radiative  Transport  of  01  1304a  Resonance  Radiation  II.  The 
Aurora",  D.  J.  Strickland  and  T.  M.  Donahue,  Planet.  Space  Sci.  l£, 

691,  1970. 

"Space  Research  X,  Proc.  12th  Plenary  Meeting  of  COSPAR",  (Committee  on 

Space  Research),  Ed.  T.  M.  Donahue,  P.  A.  Smith  and  L.  Thomas,  North 

Holland  Publ.  Co. 

"Planetary  Exploration",  T.  M.  Donahue,  Rev.  of  Geophys.  and  Space  Sci.  2* 

No.  1,  1971. 

"The  Polar  Ion  Flow  Wind  or  Breeze?",  T.  M.  Donahue,  Rev.  of  Geophys.  and 
Space  Sci.  £>  1971. 

"Transport  of  Resonance  Radiation  in  Optically  Thick  Media  G.  A.  Doschek 
and  T.  M.  Donahue,  Astrophys.  J.  l6l,  737,  1970. 

"Analysis  of  0G0-6  Observations  of  the  01  5577A  Tropical  F-Region  Nightglow  , 

R.  J.  Thomas  and  T.  M.  Donahue,  J.  Geophys.  Res.  71*  3557  > 1972. 

"Positive  Ion  Chemistry  of  the  D & E Region",  Radio  Science  7,  73>  1972. 

"The  Altitude  of  the  Scattering  Layer  near  the  Mesopause  over  the  Summer  Poles, 
T.  M.  Donahue  and  B.  Guenther,  J.  Atmos.  Sci.  ^0,  515,  1973* 

"The  Distribution  of  Atomic  Oxygen  in  the  Upper  Atmosphere  Deduced  from  0GO-6 

Airglow  Observations",  T.  M.  Donahue,  B.  Guenther  and  Ronald  J.  Thomas, 
J.  Geophys.  Res.  78,  6672,  1972. 
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Transfer  of  Excitation  Energy  from  Nitrogen  Molecules  to  Sodium  Atom^', 

J.  E.  Mentally  H.  F Krause  and  W.  L.  Fite.  Dis.  Faraday  Soc.  44. 

157,  1967. 

Charge  Transfer  of  Nj+  and  0p+  and  NO"1"  to  Sodium  Atoms  at  Thermal  Energies", 

W.  L.  Fite,  A L.  Farragher  and  J.  A.  Peden,  J.  Chem.  Fhys.  £0,  287,  1969. 

"Mass  and  Phase  Spectrometry  in  Modulated  Beam  Experiments,  Recent  Developments 
in  Mats  Spectroscopy",  Koreichi , Ogata  and  Teruo  Hayakawa,  eds. 

(University  of  Tokyo  Press,  1970),  pp.  1001-1012. 

"Excitation  of  Na  D-Line  Radiation  in  Collisions  of  Sodium  Atoms  in  Internally 
Excited  H2,  Do  Np,  W.  L.  Fite,  H.  F.  Krause  and  J.  Fricke,  J.  Chem. 
Phys.  56,  4593,  1972. 

"Charge  Transfer  in  the  Classical  Binary-Encounter  Approximation",  J.  D.  Garcia, 
and  E.  Gerjuoy,  Phys.  Rev.  Lett.  18,  944,  1967. 

"The  Correspondence  Principle  in  Inelastic  Scattering",  J.  D.  Garcia  and  E. 

Gerjuoy,  in  The  Fifth  International  Conference  :>n  the  Physics  of  Electronic 
and  Atomic  Collisions,  Leningrad,  July,  1967,  Abstracts  of  Papers,  Edited 
by  I.  P.  Flaks  (Publishing  House  Nauka,  'Leningrad,  1967),  pp.  655-657. 

"Correspondence  Principle  in  Inelastic  Scattering",  J.  D.  Garcia,  Phys.  Rev.  159. 

39  (1967). 

"Classical  Calculations  of  Charge  Transfer  Cross  Sections",  J.  D.  Garcia, 

E.  Gerjuoy  and  J.  E.  Welker,  Leningrad  Conference  Abstracts  ibid, 
pp.  651-653- 

"Classical  Approximation  for  Ionization  by  Heavy  Particle  Impact",  J.  D.  Garcia, 

E.  Gerjuoy  and  J.  E.  Welker,  Leningrad  Conference  Abstracts,  ibid, 
pp.  653a654 

"Atomic-Shell  Structure  in  Inelastic  Collisions",  J.  D.  Garcia,  J.  Chem.  Phys.  47, 
3679,  1967*  “L 

"Classical  Calculations  of  Charge-Transfer  Cross  Sections",  J.  D.  Garcia, 

E.  Gerjuoy  and  J.  E.  Walker,  Fnys,  Rev.  165,  72,  1968. 

"Classical  Approximations  for  Ionization  by  Proton  Impact",  J.  D.  Garcia, 

E.  Gerjuoy  and  J.  E.  Welker,  Phys.  Rev.  I65,  66,  1968. 

"ionization  of  Ions",  J.  D.  Garcia  and  Brian  K.  Thomas,  Bull.  Araer.  Riys. 

Soc.  1^,  907,  1968. 

"Recent  Progress  in  Electron-Atom  Collision  Theory",  E.  Gerjuoy,  in  the  volume 
"A  Survey  of  Phenomena  in  Ionized  Gases:  Invited  Papers  from  the  8th 

Int'l.  Conference  on  Phenomena  in  Ionized  Gases,  Vienna,  August  27- 
September  2,  1967",  (international  Atomic  Energy  Agency,  Vienna,  1968), 
pp.  45-60. 

"Theoretical  Aspects  of  Atomic  Collisions:  Classical,  Variational,  and  Fadeev 

Method^',  E.  Gerjuoy,  in  the  volume  "The  Physics  of  Electronic  and  Atomic 
Collisions:  Invited  Papers  from  the  5th  Int'l.  Conference  Leningrad, 

July  17-23,  1967",  edited  by  L.  M.  Branscomb  (JILA,  Boulder,  Colorado, 
1968),  pp.  175-185. 
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"Collisions  of  Heavy  Particles  at  High  Velocities",  E.  Gerjuoy,  W.  L.  Fite, 

J.  D.  Garcia  and  J.  A.  Peden,  Air  Force  Weapons  Laboratory  Technical 
Report,  AFWL-TR-60-26  (May  1969) . 

"Ionization  of  Positive  Ions",  Brian  K.  Thomas  and  J.  D.  Garcia,  Phys.  Rev.  179 , 
94,  1969. 

"Configuration  Space  Three-Bcdy  Scattering  Theory',  E.  Gerjuoy,  Letter  to 
Editor,  J.  Phys.  B:  Atom.  Mol.  Phys.  L92,  1970. 

"Glauber  Theory  of  Atomic  Hydrogen  Excitation  by  Electron  Impact",  E.  Gerjuoy, 

H.  Tai,  R.  H Bassel  and  V.  Franco,  Phys.  Rev.  Al,  1819,  1970. 

"Comparisons  of  the  Glauber  and  Vainshtein  Approximation  for  Inelastic  Electron- 
Hydrogen  Scattering",  E.  Gerjuoy,  B.  K.  Thomas  and  V.  B.  Sheorey,  J.  Phys. 
B.  Atom.  Mol.  Phys.  4,  L57-61,  I96I. 

"Quantum  Defects  for  He  I and  Li  II",  V.  B.  Sheorey,  J.  Phys.  B:  Atom.  Molec. 

Phys.  4,  L44-47,  1971. 

"Glauber  Amplitudes  in  Charged  Particle  Hydrogen  Atom  Collisions",  B.  K.  Thomas 
and  E.  Gerjuoy,  J.  Math.  Phys.  12,  1567;  1971. 

"Elastic  and  Inelastic  Scattering  of  Protons  by  Hydrogen  Atoms",  Victor  Franco 
and  B.  K.  Thomas,  Phys.  Rev.  A 4 , 945,  1971. 

"Low  Energy  Electron-Molecule  Scattering  Experiments  and  the  Theory  of  Rotational 
Excitation",  E.  Gerjuoy,  D.  E.  Golden,  Neal  F.  Lane  and  A.  Temkin,  Rev. 
Mod.  Phys.  4^,  642,  1971. 

"Glauber  Calculations  of  Polarization  of  Lyraan-alpha  Resulting  from  e“-H(ls) 
Collisions",  E.  Gerjuoy,  B.  K.  Thomas  and  V.  B.  Sheorey,  J.  Phys.  B: 

Atom.  Mol.  Phys.,  Vol.  £,  No.  2,  p.  321-33,  1972. 

"Configuration  Space  Three-Body  Scattering  Theory",  Philosophical  Trans.  Roy. 

Soc.  (England),  270,  197,  1971. 

"Detailed  Balancing  In  the  Time-Dependent  Impact  Parameter  Method",  E.  Gerjuoy, 
Case  Studies  in  Atomic  Fhysics,  3,  1-45,  1972  (North  Holland  Pub.  Co.). 

"Use  of  the  Glauber  Approximation  in  Atomic  Collisions.  A Progress  Report", 

E.  Gerjuoy,  in  "The  Physics  of  Electronic  and  Atctnic  Collisions  Vllth 
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